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ABSTRACT:

Using laser frequcncy-modulation (1NM) spectroscopy and persistent spectral holes,

time-rcsolvcd phiasc-senisitivc probing of ibaliijtc phonons eveneratecl iv an abisorbed~l

Nd:YAG laser puisc is accomplished in the interior of* a s;olid sample. Mecasurement of' thle

time dependence and sign of a propagating stes-r;inl( ilustrated using spectral holes

in the inhom-ogecously broadened 607 nmn color center a- loll in x-irradiatcd Na F at

liquid-heclium temperatures. By examnining tile dlependeince of' hie observed phonlon

time-of-flight data onl the polarization of tile probing light ilie posit ion w~it bin thle sample.

and the phase of FM detection, an identificait ion of' thle a coti ; c pola ri/at ions of thle

propgating phonons may he made. The dfcilc; of' plionn f!cu si , and mode conve'rsi on

upon reflection must be taken inin accout to conlipe lie widcit Ilicat loll. Along with ilie

ability to determine the sign of' the acoustic dist urba nce, thl C\ peri1l tit f'catures "! z!Ira in

detetion limit of 4 x 10 "at a time resol tit iof' 501 us.



1. Introduction

nie study or thle propagation of loflc(ludiiili, 11110honons inl volids- has promvidled fecrtilc

ground for the observation of several novel phyvsical cfkcrts . I s-ing lieat-pulsc generation inl

constantan filmns adl detection wvithi stipcrconditct ing bolonet er..2 a Ilaiscina"t itg

phonon-f"ocUing elTect wvas observed due to the inltrinsic elastinc anisotropy inl cuiC crystals,

4.ono fousn has lcd to the development of' a varict v of' powerful tccllfli(]ucs for-

imaging lascr-gencratedI phonon pulses Includhing the atudY of' phionon storage eflects inl

thc "hot spot" near the generation region .

In contrast to surface detection with uiltrva sonic tra n4diiccrs and supconducting

holornctcrs, several optical methods for the sid~ ofl' Ofplonon hav"e a ppcared which allow

probing of phonion dy namics and propagation within i le hulk of a solid material. Tin an carli'

experiment'10 the R-line fluoresence of Cr' i ons In ruby was used as a monitor of' 29

cmT phonons. This experiment and others allowing dectection of high-fiequency phionons

by phonon-induced fluorescenice have been reCviewed rcenIA" In recent experiments.

enhanced optical dephasing as measured hy optical (icc-induction decay% 12 anid modlulatiori

of two-pulse photon-echo deccays; have both beeni shown to he sensitive dietectors; of igh-

and low- frequency phonons.

Persistent spectral holes also providle a sensiltive optical detector of phonlon wave

packets 1.In persistent spectral hole-burning, thle profile oif' an inliomogeneouslv broadened

optical absorptioni cf a (lefect. in a solid at low teliipcflircs IS 1modilied by direct

photochemistry or by photophysical mod ifica t ion o( thr I oci I cyivironic nnt of' the absorhilli!

defect I. ThFie niarrow spectral widIth of' thle resulting persistent ,pectrnil hole (PSI I allows

interaction with acoustic waves with q uit e hii ghinstistv Inl the 1 s experiment of t his

tNype' , an ultrasonically-genecra red phonlon 11l0e was ho sent to lead to st rnngy

(phase-Insensitive) modula tion of a spctral hiole wit h S9 ; lii resolution. lBy ca rell control

of an imprcsre(I ultra sonic field, thle result int! 1l' tin ;ind splittinlg of' :i spe)c(tral hole was



shIown to lead to both phase-insensitiv 1 a rid phse (Cii ie dtct oo tediniqj tcs For

spectral holes themnsclves. InI reccnt ,t udlics. p-h oron- inidurced clinwgcs of' a speta hl n

anti-Stokes phonion sideband meIth~ods hav s'el ensed to 0 Itrdv lien t-pl se propagcation InI thinl

polymer filmns

In this papcz, the powerful miethod of' laser fre'(Iluencv*-moll t ionti(I spectroscopv (I M 5)

is used to timec-resolvc thle changes in at pcr"'rstent spectrafl hlel with 50 ws timec resolution

caused by thle passage of laqer-gecrated ballistic phononl wave paickets through thle dletection
-2region. In FNIS~ a frequency-miodulatcd laser bcani is converted to ain amplitudc-i-odulatcd

beam by the narrow absorption and (IlipersIn dute to tile spectral hlole. [hle method is

sensitive to the phionon phase. that is, inl ol' difMieet sign are produced by dilation and

compression. Since the detection operates at aI lugh Ii( if feq ticv fatr above tile laser

low-frequenicy noise spectrum. the technique can operate necar the shot-nloise limit.

To illustrate the technique. thle 607 nim iero-phoioirn optical absorption of' aggregate color

centers in NaF was chosen as thle inhoniogeneouslv broadened optical transition capable of

PS11 formation. T~ime-of-flight (data for phuononi wave packets generated by thle absorption

of N:YAG laser pulses in at metal film onl tile NalI' crystal have a rich structure, requiring

a fairly detailed analysis. In the next section. the 1\perinwnltal methods used to record

laser-generated phionon timec-of-flight signals ame described. in Section MI, (lhe theory of

phonion-induced splitting and shifting of the op-tical t iaii it ioni is reviewed. In) Sect ion IV,

experimental results on phionon detection and probe pllari/al on dependence aire presented.

The tchniique is demonstrated to be sensitive to staisasii Is 4 X 10 '. InI Section V.

rile dependence of thle time-of- (light data onl Iaser poit ionl a long with tlie t heory of' Sec. II I

are utilized to idcntiIy thle acortic polari/alt in of' thle \a ri ois ph on on peaks. Since thisq

technique is able to measure thle strss anid slr;iin of' bAllis;tic pliotion packets in thle interior

of a solid with high time resolution, It sluild prove to be tisehil (Ir tle S1tudy of' phuoni

dynamics and propagation in a variety of' materials.



11. Experimental

Figure I shows the sample con figuration ('(I l a ser imccr I iln anrd p-lmas-sensitiNve

time-of-flght. detection of phonons. [he materi; tudied In tie heecxpcrinicnits is single crystal

Nal1 containing aggregate color centers. liallist ic packets of' aicoustic phononis arc generated

by Nd:YAG iaser pulses incldciit on a thini film of' ('*- that ha~i been evaporated oil one face

of the NaF, crystal. P honions propagating i wav [roin tle ( ' I i11m Into the NalI, crystal are

(leteced inside it selected crystal volume by a probe laser hcalin. Tlhe ha sic physical

phenomenon used in the detection process iq thiat. phonon stre-s an 0( t raln fields shift and

split the frequencies of thle color center absorption lines. Fonr Sensitive detction of thle

absorption frequencrcy ifts, the probe laser is; first usecd to burn a narrowv persistent spectral

hole (PSI I) in the inhomogeneously broadened 607 nin color center iero phononl line (ZP[)
19, FflilTe phonons are then dletected as, simall frequiency sifts of' the PS1 I using wide

bandwidth laser frequency-modulation spectroscopy ( lMS) 22 Notice that both thle

phonon-generation arid probe laser beams ima\ be dslie oeaietl rpgto

behavior of phoinons inside the crystal. "I'he ('artesian coordinate system shown in) Fig. 1.

with origin centered on the Cr-coated end fhce and atxes ailoneg -- 100 -- cubic crystal

directions, wvill be used throughout this paper tn (lescrlbe thec positions of the laser beamis

and the components of the phonion stress tensor.

The sample consisted of a single crystal of' Na I, cleaved mrid polished a]long f l00) crystal

planes with dimensions of I xlI x2 cm. Color centers wsere produced ly exposing one of tile

1,x i cm crystal faces to Cu x-ravs (30 mA ait .1) k V) [(r1 3105 hours aIt room tempera ttilre.

The crystal acquired a gradient of pin kisli brown color From tile irradiated end. A 0.3 pml

laver of Cr wvas evaporated oti lie fice oppslte tlie I[ iraia reId Vf-ce. F or convenienlce, thle

NalF color center aggregate w~it Ii /1 1, at 6~07 in wasi cli sn ais lie iIi omoeeneouslv

broadened optical transition capable of' PS1 I Forniatiion' H ie 607 niii / Il I had ,ani intertnal

trail smittarice of() %0 Ihrou gli I cm Tica r the( iiddle of* lie crvs tal 1t I .0 K, as Tile"] eureCI

with a tungsten lamnp. 3,/4 mn ionocilrotna I or, amid ( a As ph ot oriiiilipl icr. 11ie.



Figure 2 show~s the experimental a ppa rat us [()r phts-sns''eifilc- of- [ught dectection of

ballistic phonion packets. Thie subsystems of thle t p ~ sIic a f'IC~c uecv,-mlullted (\V

dvc laser probc beam, a pulsedl MNYA(C laser beam us~ed to ioncra te phnons III the samplc

held at 1 .6 K in an optical iyniriomi crvosta t an( rid Ii h- peed l a ;cr-- (icq urncv- modhila tifon]

detection electronics. lDetails for each oF these subsystems, will he prccntcd filrst, Followed

by a brief elahoration for certain components a id the procedulre ured to obtain phionon

timle-of-flight signals.

A single- frequencY R66 dlye laser- (I ., Cohecrent 599-21I) h)ca in with a ji tt cr-hlmited

linewvidth of 3 NI II i passes through a I a ra da optical I i olaror (O(lh. an amnpliturde stabilicer

(AS), and a LiTaO, electro-optic phase modulator (FOT ()M ;vtal [chl nology Model 6100)

dIriven at 250 M1117. The phase modulator produces a rqec-mduae laser beam which

is reflected from a confocal Fabrv Perot etalon OTI) with 7.5 (111I/ fr'ee spectral ranue. is

attenuated with fixed and[ variable attenuiators (VA), and can be blocked with a mechanical

shuwtter (SII) while performing diagnostics with the FT. Openling the shlutter allow"s thle (lye

laser beam to pass through a high-speed acousto-optic modulator shutter (AOMf. Isomect

1 205-603D) and to be focused into the sampilei (S) with a lens NI.). [he transmitted probe

beam is dletectedl with a high speed Si avalanche pliotodiode ( API). Analog Mlodules I.NCA.

275 MI z bandwidth, -210OV bias). [he laser bc~ida noet ci varies fromn 715 to 100 pin in thle

sa mple.

A Q-swvitched NdI:YA(G laser (YAG) Is opeirated at I .00 ItmT anf~d pr)oduces S ns long pulses

at a repetition rate of 6 l17. The YAG laser beam is split with a glas;s beam splitter ( BS)

to produce detction-triggering and1( plionoi-geicr.m rion be;i ni. [hle reflected YA ( laser beam

is converted to an electronic trigger- bY a 3001 \'l I/ ba ii'widi Si p-i-ri piot odiurde (PD)).

The transrnitted beam is expanded and a pert irIed to 0). Iciii fol. unif1ormIlli iriniIIa tion, an iilirs

attcnuatcd to 1 -10 p.1/pulse wvith a polatriiei (P ) bef~re Iiitt in g thle ~ri l.Since tlie API)

can also dletect YAGi laser scattered lighit, a n\ scaitercd Y:\ (; r;idliion is blocked with1

several short pass initcrlfrence filters (F).



The AOM in the probe bea i is used as ;i fiAst ,iltittcr to cxpose the sa inple to the

probing light for only a dhort time about the YAG, fii, tim nie (th le a on f'or this is explained

below). T[he AOM needs to be turned on some time hefire the YAG laser lires. Since the

YAG laser lamps fire before the YAG reachec, threshold, the lamp signal is used to trigger

a digital delay generator (DIP(), the output of' which iN used to open the A\) NIl.itter in

the lamp-to-lascr firing time is unimportant. since the t ra nsienit digitiier is triggered by the

laser pulse itself.

Standard laser FN!S techniques are uied to sensiti\elv (etect the time variation of a

persistent spectral hole in a 20 viliz bandwidth 22 I lie sensitivity results from detection

at a frequency above the laser excess noise spectrull where the laser noise is mostly shot

noise. An RIF source operating at %,.j = 250 N II and 4- 7 dIlm is split with a -10 dl

directional coupler (1)(7). the split signal of which is phase ;hiftcd (PS). amplified (AI. + 32

dB1), and used to drive the L.uM. The through port of (lie l)( drives the local oscillator (.0)

port of the RF mixer (NI, Minicircuits Z["M-3). As is usual in I:MS. the frequency spectrum

at the output of the FOM consists of a carrici (the dye laser frequency) and two sidebands

spaced above and below the carrier by m: xv with one sideband in phase with the carrier and

the other sideband 1800 out of phase with tile carrier. \hcln heterodvne mixing of the

sidebands with the carrier occurs in the A'l), a 180) phae difllfence results between the

two beat signals at VRF. With the sidebands balanced. the beat siglals cancel and there is

no RF photocurrent from the APT) at i,.. If a; sharlp spectril ftattire such as a persistent

spectral hole with width on the order of vim iS probed bv the sidebands, tie resulting

imbalance in the sidebands is translated into a phot ocutrrent iM tle APl) at v0 . [he detected

RF signal is amplified by A2 (-34 dli gain, 2-500 Mli/). and sent to tile RI: (R) port of

tile mixer. At the IF (1) port of the miixcr, a 20 %ill/ low pi ss filter (I PTI) blocks su i

frequencies, and passes the envelope of' the RI si 110 whi ciierges from the AIP) ii :1 2

M liz bandwidth about v *.,. The (tinie-dependent) en'elope l iona, is urther lmp llied in A!3

(gain of 20, 0-150 MIllz) and sent to either (I) a r:isiicnt dipi ti/er (II)) to record the plionon

tiic-of-flight signals with the laser frleiquency held Ii\cd. or (2;a 2 kI I/ low pass filter (I. P1:2)
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and an oscilloscope MOSC) to obtain a, I Ni 1,peetimi ()f the hole Ampe M, tunijuC the laser

Frequency about the hole.

lBcforc phonion timie-of-fliht spectra arc obtalied, a P.SI I is burrned it) thle Samplej)1

absorption spectrum. 'Ihle probe laser is, tuined to the red of' tile 60 7 rim /l., tile positionls

of the laser beams arc selected inI thle ;amiplc. i nd the cr s Ii rentcd niormal t th 1 iic robe

beamI. The probe laser polarliat ron is selected with oi I resriel r-10h onI rd the la ser ies tuned

to a position near tile center of' the Zl11, at ;I wavselenigth Iiet ween 60)7. 145 aid 607.11 5 rim.

T he laser vactum wavelength is inca srrcd with a wavcetr. A\ PSI1 I-i then burned Into tile

71T! spectrum with the dye laser fre-q ucncy fied., [N I oW amid (lie A( MI oil. [he hole

burning time Is typically 5 to 7 mmin usling 200 It)iV In aj be;riii d~ia mleter of 7.5 jii.

A fter a 11ole is burned, the PSI1 FI IqA ect rum is (l-Ispla\ ed onl tilie OS( it) order to adjust

the RIF phase and select a laser frequenLcyI', (or plioniori detect ion. [ile adjus'tmlent process

requires about a nmite. and so the probe laser linItnsity Is reduced to 2" PW to reduce

subsequent hole-burning during the set-up process. A~t this p-ower level. thle 2 kit/ low pass

filter bandwidth of ITF-2 is adequrate for recordrinsz tilie l"si IA r \lsectruil with'a

signal-to-noise ratio (SNRZ) of about 10 in1 one 0.25 N scan.

IFigure 3 shows 1'S1I shapes in the NalI 607 nm /Pl iat 1 .6 1K as, mca suredl with 1NI S

by scanning thle (lye laser. Figure 3 (at) is thle ;Ibsorp!ilve or S, phase (InI phasec with tle RF

source) and (b) is the dispersive or S2 plia INe (qiadlra t ire- p~ta s) PS IIFr-equcncy niodhulatedl

spectrumi 22,23. , 'le Sr phase spect rum ni iFig. .3 (;r ) cont iis two copies of' (tec a bsorpr ion

hole shape, each produced as. 11n N/I sideba ild is tried t Iirot rel i Ilie PS II. NIodli rthe FI SN

line shape reveals that these holes have hiole Wildt Iis (I on' t\I~ i lie order of t he miodulation

Freq uency of 250 NI I I. [his hole widt Ii is soritewhl I:a 1!e1 t haltitle trite low-MIttCrsit v widthI

of 45±6 MI z du tie to thle need to rise a rlatiivel\% tiv'lt hluits III thle omtple'. [lie S, phase

spec! rum is composed of three o verla plpiti g copies of tilie PSI I d isperi4ori orle Centered ait tilie

hole burning Frequency, and two others displaced hy , V,. \\ it1 Ii hllf t(lie arllltltid of thle

central feature. The depthI of lie a bsorptiott Iiole proIt rciri tilie FU fIlinefiapes Ini FT. 3 is



calibrated tisiniz the st/c of the reflectionl (III of the ci;lriu :1rid thle ctallon i[\j spetiifl.

H oles burnied near tile middle of' thle sapetpi (\otisit of*;ihomi a %change III

It ranI tilln~ i on.

. o obtain phonlon timle-of-flighlt slinal. the RV phlvosc of detection irs ,elected to he either

So or S, tile etalon sZignals arc tunled awaly Itoil thle PSI I. a;Ind thle 11laIe quenCY Is fixed.

In S, phase, thle laser frequcncy Is Fixed at tilie high dlope revioil at tlic center of' thle hole

spectrumi (Fig. 3 (h)t). InI S, phase, thle lasr Ue-qrieticv% is, f(iCd At thle rieL'ative peak of' the

neative copy of- the absorption hole ( Fig. 31 (;1 )). \VItII no mrodulationi of' the hole shape.

the output of thle mixer remains constant at /cro (Ifor S,) it ait thle tie-a tive peak value (for

S)A When phonion puilses prop-agate turf ighitthe hole-hur-tied volumne. tile PSI I s plits tinder

the Influence of plionon stress aind otratn, arid the hole modiittoti sIivnals are reccorded and

averaucd onl the I*).

As is wvell-knowvn For spectral holes in) colot cetcr /PI s*Aecess"ive re"iding intensity

can cause distortion of the PS I I shaPC by adltnonwtI il himmu r1-ing. At lie samle t ince. since

thle fla st ph onon time-or-flight signals aire recordled withI a 20) V I I/ (leteeltion ha ndwidth.

hiigher reading powers are requtired to ma iti ai SX\R coiilm red to tlie ease withI 2 k II/

bandwidth. To satisfy these contflict ing rcquiiremietits thle ;1comisto-optie MtOflilltot (AOMI

is usred ats a shutter to tratismit the 20 O1 V dkc e asr be;mimi to thle samlple onI1Y (ililn thle

phonon timec-or-f'light detection period. liiik s te I ces thle dutycv l to (I0 1)1 pst(0 I[/)=

0.001 16, where 100 vis is the longest recordling 1m a e tiid seI clII t itne-of 1iglit si etial is

typically averaged over 1500 YAG laser Ahots;, for ;i TvIeI;iI integration time less thanl 0.15

secondk per averaged trace. but thle total expitt~licit tit11le ticitl1v .-1 tiiiiitttes. III tisl,

manner, a higher phonon time-of-flight S\R is o Imiesed \ Ili lower total probew laser flux

and insigiificant add(itionalI hole burn inrg.



Ill. Detection theory

Phonon propagatio;' experiments rcq ucntlv enip~loy% plsed laser heaineIllg oF a mletal

-~ 26.27surface to gencrate phonnonl pulses Ill hle ilnIhntx.lw-powcr or thernloclastic

regimec t hc laser radliation is absorbed withbin a few huindred A of' the metal ujrfa,-cc. 'Ihle

microscopic view~ at low temperatures is that tile absorbed h:1 sr erierv q.uickly converts to

lattice vibrations or phionons with1 a tin i fOrii di strihui out of' plia, sevelocit v drections. F or

the YAG pulse fi necescc used inl these cx-pci mn tesi'ic eprtr i siatdt

be higher thanl I5 K. which results inl a dlitribu t ion of phito onfrCqnenicies tip to

a pprox imately 0.5111,/. 'Ihis fr eq ucncv IS well below lie optic plionion spectruml and( inl thle

rarlncc of acoustic phonions for Na F. The I e-tl-enruedacoustic photions propagate

into the crystal in three separate ex panding 'lid Is or w;u y nacket s. oneC comlposed~ Of
26,2Sion eitudinal and] thle other two composedl of' uraitsvcrse a con si c pliotinsi . Since thle

ph onons contributing to the ballistic phionon ptul ses we observe aire of' Faiv low Frecquency

and inY tile inear dIispersion region, we miay ill aI rca Sonlale a pprloxita ion Focus Onl onlY onec

v pe of low-freq nenicy phonon at a timec. [his is a rest lt (if' the Fict that all the phonons

of interest in a piarticular polarization propalg'tt in11ii a Vixed direction have thle samle velocitY

characteristics. [h'le resulting total signal will be ai superp iwt ion of' the physical efflect s from

all tlie phonlons present.

[he hasic idea befhind detecting a ph on on with ;l pers isct cii pectral hole is that the

phonion is a travelling stress-strain field anud Itmt tlie spcct r;tl h ole ;plits a11d shifts uind~er thle

in fluence of stress an rstrain. Thle alhil ity of, tlie prtobe lasr hoa in to phiaws-sensi tivelY detect

hie pertuirbatiotns due to lie local osress.4il st a i d dclpeii~ Isipolt th li dtect ion bauindwidthI

as well as thle relative suec of' tilie probe bea"I iiiol~ met fra iIlie, phlioloi wauveleingth In.i thlewe

experiments, the probe beamn (ianieter Is sTmllcr thanl fucl~ lte uiitinitun111 ;ucOtustic

sa vcletigth expected for 20) NIlli phion nuts iM Na1F f*lieuel'orr. ili abhilityv to Follow the timei

dlependlence (and Sign) of phiinus ltp to the b' Iuilwidli limtit oh 20 \I1 I/" is exp)ctedi.



In thc standard aisot ropie continuum limit, a waveI,, eq iui rion ('0I, The d ispl1accen it or'

olurne elements In the solid has plane waxe ;olttons ol the IWr-n

where u. Is the polarization of' thc acout ici waivve, k, is ts \ Ic \ectolr. ;a1( rId s Its Frequ iency.

There arc three diffcrcnt phase velocity suri-'CC; . =~ ('/K)k ill k space wlicre K Is a uinit

vector in the direction of k. The three surfaces corre-ponul to di licrent orthogonal

uisplacctnent polari/ations. The phase velocitY suirfa ce wsitrh pola ri/at ion u. nrly n parallel

to N'r Is known as thle qiua si-longitudinltl srirfi cc m id thle or e two are the qutasi-Ohear or

quasi-transverse surf1ices. The strain tensqor ('()r the dis;placenient wavse in FqI. I is formed

from the symme-ntric part of' the gradlienit tensor aindI has: (real) coniponen ts

(it~. + lk-),in~ - r(2)

[;quIvalentlv, the stress in the wsave miay he computed throruh the elastic stif"Thers tensor aIs

where summation over repeated indices is aismicd. It is tiseiril tor work wsith ti e stress tensor

since a connection can directly lie made to P-ies IotiS titia ;\i;Il St less ';lctilatiotis anid
34experiments for the 607 rim NaF color center.

F ollowing Kaplyanskii, 13 the absorption Frericv d~rilft Ifir a si nile defect under

externally applied stress may h e written In ai 11C .i Ippr I-o \ tilI oiia

\%-here the Aq are the conipon'eiit of' lie pi/seirWoilm e hrir the def'ect. 'I hie

piezospcctroscopic ten sor comipotnents depend oil itle 'miiii v I loxwed possile dC(i'ct

orientations in the crystal.



T'he symmetry of' tile 1-0'~ n Na j color centecr iisd inI lhis work war, previowdsy examined

with polarized spectroscopy of the entire /Pl- tnder uniiaxioil sres and pscudo-Stark

splitting of PSI Is undcr D)C elcctric flickis' U he 6017 nmn Na I color center 1as ., symmeitry

and its ZPL. transition moment a' is perpenctdicular to thle II 11" oriented defcct reflection

plane I1fet wit Cls'mti na i a tt ice arc r'eferred to as Ilonoclinic type I

dlefects, for which there are teVe equ~ivalent blit distinct orientailions of' the j 100O} oriented

defct pln-s 3. Th rsneo a reflection plane ol' qviinietry limits thle number ofc

independent Ai1 to 4, which are labelled A, with Ii = 1.2-1 and 4. [able I presents the energy

shift coefficienits in I ~q. '4 For eachi 01. the twelve defect orient at ins. Byexamiiiing TFable I

and Eq. 4, one can see that each defect orientation ha,, a dilfla icit abisorption Freq uency shif't

for anl arbitrary stress. With no applied stress or strain. d(ects, with the same transition

energy are orienitationally degenerate. The PSI I splitting resuilts; when phiononri tress lifts the

orientational degeneracy.

To use these Frequency shifts as a detector of' stres s or- strain, we must also know the

amount that eachi of the possible decfect orientations Contributes to a1 PSI T, I.e. we need thle

Size of the components in thle splitting pattern. Thiese are not the samle -iwe as- thle

components in a linear absorption splittin piten I)fcts wit 1i transvition monents in a

dlirection j are hole burned at a rate propottiioui to 1 61, * 1WI. where p Is thle laser

polarization. For shallow holes, the cont ribri ion to th li i ct depthI is propiortionail to the

product of the rate at which defects of' a par-ticular orientait ion are hole burned and t heir

unburned absorption strength, i.e. defcts wi Ii 1 ~ c1l itt iaon ~I, to the

hoedepth. In thc experiment, th ae slineairly loale I h - lic( i.1

withI direction cosin.-q at and y froml thle \ antd / tlirectins. 'I a lel I a I o thwslie

tinnormnahized contribution f, that eaich tle(Cct oritat ioul prml des to thle hole depth III termIls

of the laser polarization direction cosines. WithI lie ;IIIs iii ble I. any ;plitting pattern

may tic computed for a persistenit spe-)ctra;l hiole burned III lw\,it' 60 '7 tn n color center /Pl.

for anl arbitrary stress and ha ser pola/;i/t ion mII thle \ -/ plaii'.



Blefore using thle coi)cte hole splitting au tr to( ca lclila)1 t e h phonlon sila.we

consider the signal that results From a net li'c(1 I c hili'.'ift o' thle emiire hiole. A 01i ft of' tile

entire hole displaces the FIM spectra in Fig. 3 along the Irecc axis. Thec Ilighesit scnlsitivitiv

is obtained at the center of the dispersion-like S signal Ii Fig. .1 (1-0 since this Is thle position

of highest slope in the PSI I [FM spectra. Note t hat thle sign of' tile sigmna Iindlicates the sign

of tile net frequency shift of the hole. Onl the other hand, w'hen the strcss produces a

symmetric splitting of thle hole, no large signal result,; for laser frequency Fixed at thle center

of the S2 spectrum. Ilictice. it is also tiselbl to detect the e(Thcrse of stress for aniother lase(r

frequency and RF phase, as shown in Fig. 3 (a). WVith fihe lase;r frequency Fixedl at thle S,

negative peak in Fig. 3 (a), any splitting patteirn of' the hole. s~'rmetric or asymmetric,

decreases the hole depth which is detected as ain increase in signal. Tlhe sign of' the signal

in St phase is always positive regardless of' thle tYpe of' splitting. In other words, the center

Of S2 is uired to phase sensitively detect net frcquencv sifts due to aisvtimetric splitting, and

the peak of S1 is used to (letect any splitting.

The S, signal for the three probe laser polariiations used ini the experiment may now bie

computed. The dispersion for a Lorenitzian-hapecl shaped hole may be written 2

4<YV J, (5)

where bp is a magnitude factor, F is tile l'ull widthI at liIf axiiinof, thle absorption hole,

and the hole is centered at zero Frequency. The S2 splctrum is; proportioinal to 22. 23

T[he approximation assumed in FqI. 6 is t lie litiit of' mmll IIiiodmIiol nIndex and shal1low

holes. A mnodulationi index near I is used i In liese cx p(r'imcii . lor which higher order ternis

in i'R,. should be importanut in thle en tire spec! ri ii S40 i. II lo"'c'er. ss e will only be conceined

with thle Slope Of tile SO(1'l)pctrum nea,'r thle cci e)f' thle PSI I aid t h s cain neglect these

higher order termsg with Ii lage spacing fr-om t[lie cent!er o1 thitihole. F or a sunwl Iilsnft of' thle
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entire hole by A, a linear approximation to tile the S, phaI c sgn1i l with laser liequency fixed

at the burn frequency is

S2(A) - ,sp ( + .+ ) FV.,Sp) - (7)

where F(VRr, F. c5) is constant for Fixed F',. V. and S,. Iq. 7 reasonably predicts that the

slope of the S2 spectrum increases with the hole si/C ,S, increases with the IFM sideband

spacing I'TF, and decreases with the hole width F. When the orientational degeneracy of the

hole is lifted by stress, the S2 signal is Proportional to

S2 _ _ _ _ I (S)

where the component sizes Ci and the shifts A, are computed From the information in Table

1. Note that through 'rable I, Eq. 8 is linear in the small stress or strain tensor components

of a phonon (Eq. 8 may be written in terms of the strain using Eq. 3).

In the experiments presented in subsequcnt ;cctinnq. three diFIerent probe laser

polarizations where examined: (i) + 45 "(a = 1 /2 ), (2) -15 - 1, I/12), and (3)

horizontal or 0 * (o = , y = 0). [he S2 signals (br these three laser polarizations are

computed from Eq. 8 and Table I to he

S2. F ToI(,4 IA)7,

S2 4 --5 _ [(A I +- 9A2),,, + (SAI i- 2A.)o,, CA IA -UA:)ra.,7 - I , T,j. (u)
F I

S ' V I2 [(A, + 2)1, ± (gA I ,A.,\ \ ( 1A.h,, - I6A,]. (o)

F 2



['he quantitics in Eqs. 9 involve onc off dIigon;i I or :11c;ir trercs compronent, -Ind linicar

combinations of' thle diagonal or axial stress coruponc1tN.

Taking sumis and differences of tile s- ,nd S2" (\prCs~ions iziVcs

2 T (10a)

S(S-45 + S+45) - [(A, + 4-)~~ (SAI :~.~4 (Al ± 9A2)"1,7]. (Iflh'

Notice that taking the sumn and diff"erecc of' tile Sj " and S, vignak separates ouit one

off-diagonal shear stress from the diagonal or aial -trcrzws. InI other words, through sitable

choices of laser polari/ation and linear combinations of' '-vill signals, It is possible to obtain

indlividuial stress tensor component,; for plioiiow propagating insidle a crystal. By converting

the measured phonon stress tensor componicnrs to strain wvith Eq. 3. EqI. 2 can then be used

to obtain information about the phonon wvave vectors and polari/ations.

Trhe high symmetry of a cubic crystal simiplifies compuitation of' thle strains From stress.

Cubic symmetry limits the form of' the elastic stiffness; tenizor inl Eq. 3 such that the diagonal

stress-strain relations are decoupled From thle o[Ildiagonwil t teos-Ntrain relations". For

instance, the off-diagonal stress and strain are simply rela ted by v:., ~,/C 1  .and thle

diagonal stress and strain mnix amiong themselvecs.

Using K aplyansii's unia xia I stress ca Icuiil ons,, 11and Bauiann 's inia xia I stress (ata

anl estimate for the pie7.ospectroscoplic conmponecnt';s rn;iv he obtained for thle Na I' 607 rm

color center. The A, are presented in Fable 2. '1 liese coefficienits will be tISC1,1il inl aupgIng

fihe sensitivity of thle technique uised hereC in leasurincIII phonril NIIress and strainl.
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IV. Phonon detection sensitivity and probe polarizalion dependence

A. Experimental results

Figure 4 shows the phonon time-of-flight Kignals khr three probe laser polarizations

detected in S, and S2 IFM phase with the probe laser frequency fixed at the arrows in Fig.

3. The probe laser was positioned at x = 0.94 cm From the ('r surface and was vertically

centered (z=O). The 0.1 cm diameter YAG laser spot was hori/ontally centercd on the Cr

face (y- 0), and displaced to z = 0.05 cm. ([he importance of the Y/(; spot displacement

will become apparent in Sec. V). The YAG la,er firing time is at icro on the time axis in

Fig. 4. The S2 phase signals are at 0 V and the S, phase siignals arc near -0.75 V. The

separation between the S, and S, signals near t is the S, I'M spectrum negative peak

size, and approximately the size of tile S2 AI spectrum peak v;lue. For 1500 averages in

a 20 Mffz bandwidth, the noise level is about 5 % of the peak value of tie S, or S2 spectra.

which corresponds to a change in transmission of about 0.1 %. The signals shown in Fig.

4 clearly represent shifting and splitting of the persistent spectral hole. since no signals are

obtained if the same experiments are perfirmed with no p'ersistent spectral hole present.

Signals larger than the noise only appear more than 1.5 Ps after the YAG laser fires.

The S, signals are relatively simple compared to the S, sign.ls -- each of the S, signals

contains two large peaks with some structure. The S, ;ignals 4how no qualitative dependence

on probe laser polarization. By comparison, lhe S, signak show much more complicated

structure. The largest S2 signals corrcspo(ld to the l;rct S, ,iials. but there are many

more S2 signals above the noise in Fig. 4. Some sifgl I ;1rc c\pected to be Imallcr iIn S,

phase, since the PSI! peak size is less sensilive to ivII teiq uencv shifts thani the high slope

of S2 (see Fig. 3). For purposes of later (i lst ion, c:ih of the various signils has been

labelled 1,,, 12, I", T,. 12. L.1. and 1.2 in liW. 'I
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The features l,, 1,2, L; and I.;, which show an ailval t i me CoIscrpoiidcncc in the S, and

S2 signals can be comparcd For an understanding of the qlitting behavior of' the PSI I. As

described in Sec. IIT, the S2 signals only respond to a,,nVmietnic splitting (with a net shift)

and S, records any splitting, however less sensitivcly than S.. The I, pulse shows a net

upwards frequency shift of the hole in any polari/ation. o'mparing the S, and S, signals

as L, crosses over into 1.2. one observes the PSII to partially recover its unsplit condition,

and then split again with a net negative frequency shift. 'he I., pulse is very narrow (20

Ml lz bandwidth limited), but the L, tail following the I. pulse lasts For about a microsecond.

Note that the L, and L; signals mimic the I., and [, ;ignals, but with an overall change of

sign, and a shorter L; tail.

U nlike the I. signals, the TI signals show ; qualitative dependence on the laser

polarization. Note that the T signals in Fig. 4 (a) and (b) each consist of a frequency swing

of one sign followed by a frequency swing of the opposite ;ign. This shape shall subsequently

be referred to as the "derivative shape' of the I signals. The derivative-shaped features

labelled "r, and T2 change sign for probe laser polari/ation changing from + 45 ° to -45 ' in

Fig. 4 (a) and (c). Note that the f, and "'F zignals are much smaller in Fig. 4 (b) for

horizontal probe laser polarization.

One perplexing aspect of tile S, signal is its richness. .\ ,imple view of pulsed phonon

propagation is that for an arbitrary displacement within tile solid. otie longitudinal and two

transverse modes are generated, with the transverse modes propagating with roughly half the

longitudinal speed in NaF. The multitude of S, arrival ti nies orserved cannot all be

reconciled with phonons travelling in nearly a - 100 - cryt ;l direction. An i(clitificat inn

of the phonons giving rise to these signals will be a idvd by the laser beami position

dependences in the Section V. In the nex t oi ,ctfion. tlie. 1ypes of, stres, aind Strain that give

rise to the signals in Fig. 4 are examined using tle rcst tts 1 Section III.
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B. Analysis: stress and straini d(ectioll scnsitiht

To determine the FM signal scnsitivIt v to phiononi stre,;r and strain. an Individual stress

component will be separated out as dlescribed by 17s. 1 0. F igurc 5 shows linecar sumsq and

(liffecrences of the Sill and Sill traces taken From Fig. 4. (a,) and (h). Fig. 5 (a,) Is proportional

only to thc time variation of the rr, stress or r,~ strain. Figure 5 (1-) Is proportional to a

linear combination of diagonal stress a, or s-train rj Components. Thc S? Signal froml Fig. 4

(b) is presented in Fig. 5 (c) for comparison. C omparison of' Fig. 5 (h) and (c) shows- they

are qualitatively similar, which is consistent with thle Idea that each Is a linear slim of a,. (IEqs.

l0b and 9c). Before computing thle sensitivity to stress and strain, aI few initial commnlts

about the varieties of stress and strain giving rise to the 1, and T signals shiall he madec, which

will lie used in phonon identification in later sections.

The largest features in the r, trace in liv. 5 (a1) arc the T, and [2 derivative shapes.

Notice that the TV, and T2 derivative shapes are missing- From Fig. 5 (h). Intstead, thle T, and

12 signals in Fig. 5 (b) each consist of broad, positive frequency swin gs. InI other words, the

derivative shape in the T, and T, signals results only From r-, shear strain. Also note that

the T, and T, derivative shapes are about the samc/e II Fig1. 5 (a1). but in Fig. 5 (b) thle

.1. positive peak is larger than thle T2 peak. IlThw. thle T, and l1 s ivnals have similar r, shear

strain, but dissimilar sumns of ri~ axial strain coniponlents.

In contrast with the T signals in Fig. 5 (a1), the largest( signals in Fig. 5 (h) and (c) are

the 1. features. Notice that thle 1, signals are largely missing fl-om n g. 5 (a1). lIence, the 1.

signals result only frotm axial stress ai or strainl F,:, comp)onents.

The sensitivity of the tchlniqc1 i to an i n~hi iditial orevs or si rainl Component is Compu ted

as follows. With 1500 averages anrd a 210 \1 Ih h dwdt I. tilie S, Signals have a noise level

wvhich is 5 % of the peak of the S, spctum, or about .18 niV, in liT. 4. The slope at thle

center of thle S2 spectra for Fig. 4 is Found tiome the slopc III I ilg. 3 (1-) and the S, to S2 "9ignal

spacing in Fig. 4 to be about 14 miV/Ni I/,. (C onmput ing t lie prela,-ct or I JF inI 17q . 7 gives

about 10 mV/1MI 1/. if one tires, 0.75 V as aI (joilsrvative L'"O5 r 5\, and F -= 250 %1 If/'. We
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Nvill use F/F = 14 tnV/M liz below.) Thcie leve IN-l In thle comlbinlatlonl of signals

(Sj45 - S14)/2 in Fig. 5 (a) Is 39/JY = 27 mV. I lence. I ;Iunal to inisc ratio S/IN = I in

S 5- S14-)/2 corresponds to an average frcqiiency dillt of the PSI I spectrum 1w 27,114 = 2

N41 1z, which coincidentally is thle jitter line %idthi of' thle laser. I t ili/,ing [7 F I 4rnV/ N1 117

to convert the proportionality in Fqs. 9 an(l 10I to ;in equalit y, the rT, prodluclinig S/N =I

inl Fig. 5 (a) is a, = 220 N/rn2 = 0.002 atinosplicres. The corrcs;ponding shear strain is

r,= ~?(70G = 4 x 10-1.

Onc should keep inl mind that the values computed above are averages over the probe

volume, which the phonons may niot uniformly irradiate. In general. crystalline elastic

anisotropy causes the phonon group velocity and thle phase veliocities to have (liffiereit

directions. A large solid angle of phase velocity is often channeled into a small solid angle

of group velocities resulting in an energy flIX enhan11cemenCt in Ccertain crystal directions. This

phenomenon has been termed phonion focusing . I~g .ousn Iatr o pca rsa

directions have been computed by Mlans, "whvlicht give values- between 3 and 0.4 for 'NaF at

low temperatures. Elastic wvave energy is (lI1.1draitic in the stress and strain. IHence. For S/N

= I in Fig. 5 (a) the corresponding shear stress and strain fields ins ide thle probe volumec

may have peak magnitudes larger than 220 N/iml and -4 x 10 ' "; a ihtor of'~

[hese~q results may be compared and contrasted with the earlier plionon dletection experiments

of Lecngfellncr, et al. 14. The acoustic echoes deteced in that work by observing thle changes

in transmission at thle center of the spectral hole were niot sensitive to the phase of hie

ultrasonic pulse. The sensitivity of our FM S aipproach is sullicienit 1o exceedl the strain

secnsitivity of the earlier work with ain lncrczi sed t ime resol iiion (h hon 5 it- to 50 1,,, and

allow for phase sensitive dletection of phonons upl to 2t0 \f I I/. While this simple comiparisonl

has niot precisely included the difrerence Ill dectect ionl ha ndu'i( il h fr tilie two ex perinlnt s. it

is clear that at least the phiase-sensitivity of' lhe VM\1S appr oalcl is. tiniIIlie.



V. Laser position dee~dence and( plioiio ideifificat ion

A. Experimental results

*ro further investigate thc origin of the va rionus si'nak I n JI gs. .4 and 5, the puinup and

probe beam positions arc varied. F~igure 6 shows 'Y/\( spot posit ion depetndence with a 0.1

cm diameter YAG s;pot horizon0ttally cenlteredI ( = 0), but with dificrent vertical positiorls

(different z). Th'le YAG spot z positions arc indicated on the side of' Fig. 6. The FNM prohc

beam is vertically centered (z= 0), and set near the nmiddle of' the crystal at x = 1 .07 cmn.

i. or thc traccr. in Fig. 6, a single persistent spcctral hole was. burned and probed with ± 45*

laser polarization. By examining Fig. 6. one observes, that the 1. .signals dlependi little onl tile

YAG spot vertical position. By contrast, the (lerivative shiaped T1 signals sho0w a strong

dependence on the YAG spot position.

As the YAG spot moves through tile probe lasecr plane i-0. the (derivative shaped

portion of the T signals become narrower. (disappear for / = 0. and reappear with the

opposite sign and broaden again. When tile YAG spot is centered Iil tile plane of the probe

laser, the Tr -signals that remain appear tol be tile p)osit lye fi'ciiency swings found in Fig. 5

(b). In other wvords, the positive andi negative parts oF, thle ry., derivative shaped T signals

overlap in time and cancel when thle lasers are vertically centered in tile crystal. A possibility

for tile change in sign of the a, (derivative shape is thlat two (lif11emit stress puisecs containingp

e7 of opposite sign travel over different paths to the probe beam. WVithl the YAG laser

centered, these path lengths hala nce and the coluibinled (, I reswcs CanIcel. Vi tll tile YA (

beami vertically off center the pathus 'are not thle saithe lenth ;11( idle a, of' One sign arrives

before the e7, oftile other sign. In olthler wordsk, tichw pait s invokve Swnic vertical (/)

component of motion so that one pathI becomes si t er mnd thle ot her long~er 1w vertical

YAC displacement. To fuirthe1r inv\est igat e thec difileren t pa1ths that thle phlonons foll ow, tile

probe beam is also displaced withlin thle crYstal.



Figurc 7 shows tile pulsed phonon signal depcndence on the probe beam horiontal

position. The YAG laser spot is centered ol the crv,:~iI end I1tce. I[he probe beam is

vertically centered (z = 0), and displaced hori/ontlll ivl incrcments of ; out 0.1. cm. Tlc

probe beam x values are shown on the side of 1:ig. 7. F or cach probe laser position. a new

persistent spectral hole is burned and probed with 1-1S' probe laser polariiation. Dashed

lines are drawn in Fig. 7 to mark the mo,'velleit of the variolhi signals as the probe beam

moves.

Considering the I. signals for the moment, one sees thdat I., and 1.2 arrive later and L,

and L arrive earlier as the probe laser moves ;w;av from tIe (r. It is apparent that L, and

L, are two parts of a single signal. and similarly for 1. anmd I .. The I.,-!.2 arrival time is

consistent with longitudinal acoustic (LA) phonons traveling In a [100] crystal direction at

(6.24 + 0.03) x I s cm/s, which is the highest acoustic velocity in Nal:. As the probe laser

moves away from the Cr. it moves closer to the other end of the crystal. The decreasing

11.-. arrival time is consistent with the return of the I.A [100] plonons to the probe laser

volume after a reflection from the Far crystal surface. In longer tine traces (tiot shown here),

as many as 10 reflected LA [100] phonon pulses are observed, with the time interval between

every other pulse corresponding to an LA [100] phonon rouind trip time inl the crystal. As

observed in Fig. 7, the reflected I;-IL signa l is oppoSiOe il , iwr to the 1.,1-1.2 signal. Aftcr

each reflection a sign change is observed, so that L.A [100] phoirons travelling in the +x

direction have the 1.1-1. 2 sign, and reflected L.A plhonons travelling inl the -x direction have

the L;-L; sign. This 180' phase change is expected for an acoustic wavc rcflcctcd at an

interface of low acoustic impedance to high ;acoustic inipcdairce such as the Na l:-II interface

17,39

The movement of two other signals ca c lezrlv Ib- followved inI ic. 7. lhe I., a11 ri

signals also arrive at later times as the probe l;oser imoves I\l l lm (lie C"r sbrice. but

more slowly than at a fixed multiple of the I -I, I A [IOt) :urival lime. )ata sinrilarly takent

with the YAC spot off center show that file r., T, dcrva lie Ihaipc (ee l:ig. 6) follows the

movement of the r., "r, peak il Fig. 7. It is dlilli¢clt to follow tihe lioveicnt of the I" siei:rl,



as thle region after the T', signal becomes conil leted Inr wnie probe 1ia ser p-ositions. A\

possiblc reason for this wIII he explored in the ricx s;vt60on.

The data in Fig. 7 are presented in aI diffierent wa v inI Ile. 8 to aild rut her in signal

identification. In Fig. 8. the tlime a xis Cor eadi t race il F ige. has been normaljized to the

I., pulse arrival time, which tra nsformis fie time aixis r a relative veclocit v a xis for [100]

propagating phionons. In particular. [100] propaga tinu t ransxerse acoustic (TA) ph)Ionons

which travel at approximiately li2 thle LA [100 ;rc( r]sed iotnild produ~ce aI signaal1 near 2 onl the

relative tirre axis in Fig. 8. Remarka bly, an1 exa nn iono Ii.S hwitm hrtaen

additional signals that fine uip, i.e. the TA [If101 phorions a ppe1ar to be issZing . .Signah isftat

(t0 not line uip .vhen thle timec axis is, convertedl to a rekltve speed axis ;i in Vig. 8 mutit either

(1) result From delayed emission From the surfa-ce, or (2) (In not travel in [100] crystal

directions, or (3) (10 not travel ballist ically (at cons'tanlt ;peed. ti[he presenlt (data Cannot be

uSed to rule out possibilities (1) or (3), but condition (2) is thle most reasonable possibilitv

consistent with thle results of Figs. 6 and 7.

In Fig. 6, it was round that (iffcrent paths; a11c Followed 1v thle positisc an aflnegative parts

of the r, pulses in thc TF, and T, signals Aklo, these, paiths ivolve sonic vertica componenit

of tmotion -so that one path becomes shorter miid I hic other longer bye vertical YA(

displacement. This is consistent with one Possibili t f'nn I. V- that fle I' anld T2 Ignal

arc not from TA phonons propagating inI neairly the 101 crvstal dirction. InI ordler to have%

both a vertical component of mo~tion and io rechIl t lie probc \0o111n1e. these phloils mu1st

reflect off the uppcr and lower side walls of' lieC cr;sra. One maI~y then prifp-lse t hat thle

L,., T, and T'2 signals all result from phionon s pI opa gatIIIilL ill directions widely di l1'e-en t Frloml

thle [100] crystal (direction. InI the next weutIn. anl Idtliti oll of' the I [ l, anld l siLs~

as sidl wall reflected phonions Is made.
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B. Analysis: Phonon identification

Three difTerent concepts about phonormn gencraton mid propigation iM cr\,tals are used

in this section to explain tile various photoil ,Ifrena- ra rir k obScrved irl Na:. lhe marin

results are rev'iewed below, and then discussed in eriw of the plonnn hot spot at the surf.rcc.

phonon focusitig in crystals, and phonon mod e collon i ripol rlelicction. Tile ('eatures

observed by measuring tile stress and -tia l of pilked phono r, inside of' a Nal: crystal are

summaried as follows. The ILA [1()0] propagating plhonons are tile first plhonos to arri\vc

and consist of a co pressional pulse followed Iw a (ilatioloal tail (I" -- I-). TA [ 00]

phonons are expected to arrive at nearly twice tie IA [1001l phollon arrival time. but are

not observed by nur choice of geometry amid polmrii;itions. I iitcad of observing the TA

[00] phonons, many other phoron signa I are obser cd (1,. T, ;1 id T,). and thir behavior

is consistent with side wall rcflected phorons tra velling in directions \%idelv diffiererit from the

[1 1)0 crystal direction. The r,, shear strain ;i rd r., a\1:1 I0rain por tions o1' tile T, and 2

signals have been separated, as in Fig. 5. 1lie I, and I derivative shapes result frnoii P.,

shear strainq and are about tile came in si/e ( ig. 5 (a)). [lie r., strains reflected from tile

upper crystal face are opposite in sign to those reflectcd loim tile lower crystal f'.ce and the

difTerence in arrival times for an off center YA( ,rpot pro l es tile positive and negative

going derivative shape. The sum of axial i,, ,tril ( ollrorncrirs< [;)r I, rld F' appears to Ihe

compressional, and the T, peak is larger thai th.at kr I., (IT. 5 (11). lhe imall I negative

frequency shift of the hole appears to involve a diharion',l mill of r,, axial str;rirs.

In order to discuss phonon propagat ion within ir (i Nt;l a id iodt conversionll poll

reflection, it is necessary to introduce tie ql\cnes a nd r-ip \clocitv msrrrces. I i ue )

shows the slowness all group velocitv si ii Hcs c.orI(plli it'r \;l it A K in a 0101i) crystalI

plane. These have been compited tisine pru!lilrhcd [iiilll ' 'ir1d .1 K cl:rsric Cll' Ltonst1rr

ilIe slowniessz vector is in the sarnie direction av tlre pl'r., cl,1r or k bi hai a rmnilue

that is the reciprocal of the phase %clOciOV. IhlCrC are thrcc srh Irsiir ices; (Fe. ')(0)). I[le

outermost surface with circular crns ,cctilon i tlre (1()() pl;c i eh pue shear or pure

transverse (WT) surface, and haIs polari/atiorh im ra1l r, file 011) phn. lie mri(re



degenerate with the PT surlace Ii< 100 crxsii ulioiis P5 thle piirnvre(?

suirface. and hias, polari1/ation lin the planle. hiut not nl~es~rl ormi~l to the slowne'cs or k

(lirection. The Iinrmlost Surface I- thle 9uaslonigittidinil (QI.I'ir)ie with polarilation in

thle plane and nearly p-arallel to k. A point onl thle ;ufc pecifies the direction of the

slowness or thle wave vector k. As shown inlie1. ') a;), the iioriml to thic slo\vness murracc

specifies the direction of' thli corresponding groi p velocity V, \ote thait thle groulp velocity

and phase veclocitv are not necessarnly inl til hcamle direction. NI ost of, the nlormavls to thle

QTI -urface point iii direct ions close to thle -- 110 -direct i ons. In: othIeir words, large sol id

angles of k for Q F phlons aechanneled in1to sml1 solid miics of' ru eoiislcl

the -- 10 - cry'stal directions. [his cliaiiiilihiig of, thle clerr\ into ;i smlall solid angle Is

known as phionon fosn -' Fihe conicavetjjP6- shape of- lit, QTY iirf'icc produces thle cusps in

the group velocity surfa.-ce Ii Fi2 9) (b). and These ate ai cli;iacvtsc sigiiaturc of- phonlon

foctising 2

Inspection of thle Q1, surface In i g. 9 (a') dhows That t here is sonlic cilia nccmlent of' thle

Q1, phionons not in the < 110- d (irect ions, hut rat hir Ii (lie -100 -- lirection,. Focusing

factors expressing the amount of enhlanicement inl high sviinei v ictionsr have beent

calculated Using 4 K elastic constants ocipt i niicenn atr o aF

one finds 91. phonions are enhanced by a fa,-ctor- of 1.( 3 earT Ow li If)(it) di rectioins, and QT

phionons are enhanced by a factor of' 2.3 iicar tile -- I10 rst, I directions. FIfhimiccmett

of thle the LA phionons in the < 100 -' crysta ii drection,4 is coilsi sten t with tile str ong I A

[100] phonon signal labelled I., - L2. Ani cxpla nation lor tie( absenice of' [101 propagating

FA phonion signals, which would ha,'Ve eenl MInaStiR-d b\111hCIV r , 11ia i n. IS that fle TA

phionons are (defocuised From the [101 (lirciOti. IO'\t loAe pci.)ll l.\C fkae cusd inl

-I 10> directions, wvhichi gives rise to the \ ;uIelt\ oIf" \Rd0 \N;1 1(il elcted( rhliiis as exp)1lined

below.

Phlonon Focusing considerations :tie coiPosilf iii th1C obs~ervatinti of' a Strong VA

[100] phonon qga.no detectable I1A [1001 phionlon. :ui1d hosto olil siiilakl'sia gs

sidle wall reflections if one takes into ;i(ccoiiui itode toiivrsoiil upon relet ion. As is



wxell- known, reflect ion anid t ransmission of' ai svi.e ;ic(Uiit ic Mode ait anI in crf, ace gencra liv

Involves acoustic mode conversion [h"' HI 1. 1.1 F i , 'Li smx hnb xIa~c

as Folows: LA phonons incident onl t hc s;ide walls ( t iav~~g c iiI i proxniately thle - 110

cr:ystal directions) are peculariy reflected as, I A\ plionons and partially convcrtcd to TVA

phonions. TIA ph ononq incident on the side w~allis arc reticci ed specularly ais TA phonoins and

partially converted to LA phonons. [lie arrival t incs of' tilie I anmd V, si gnaIs aire consistent

wi'th LA to LA and TVA to TA sideC wall reflected pilohons, respect ivciv. Strong F'ocsIn-Ig of

t he 'TA phIOnoIIs In -- I to0: directions Is rcspons iblc For) t lie spiecula I-]% reflected TA to TA

1Tial appearing strongest whenl tile probe laser becam ik centered liontaliv in the x

direction, as in Figs. 4 andl 5. The complexity in thle signals that arive af'ter passage of the

T, sienal in Figs. 7 and 8 can probably lie attibltited to aI xxea ke distribution of phononl

modes that aire non-specularly reflected upon ii'Iodl conversioin. The arrival tinie of' thle

Intermediate T, rignal is consistent with bothI I A to TA convers ion andc TA to LA, conversionl

upon recflection.

'[he sign and magnitude of the strains belonging to thle observedk 'TA, phonons in T,' and

1-2 are also Consistent Wvith the side wvall reflct tion and mode conversion identification. T,~

and '[, signals both consist of r,, shear strains thait mxi to tile probe volume after irellectionl

From upper and lower -side w~alls w'ith oppiosite s;ins For O"T I i.5 (a,1). By examining Vol.

2. one sees that TA phonons that have r:, Iliwst be Q F of'~ phioiioiis with ui and k hothI

containing components in the 7.-x plante. By performing the coordinate tra nsf'ormation

Z 7 one obtains r F" - I.e., by tiirnifiv tile crys tal 180 ,about tile x icxis tile siLYn

of the zx shear strain changes. 'This is consist en t withi Ih lI , slieair Component of tile st rainl

plse reflected from thle upper surflace being opposite IT) iin to the pulse reflcted frm t1hC

lower surface. In Fig. 5 (11), tle larger s:mno nV i r Ih ili i T., esm ut firm T, C'OuiSi q i

of' both mode converted LA and TVA pilinons. FhrasI est onix' from 'TA to IA

reflections without mode converszion.

The final result to be (liscuis.ecl is the ;lpaaceof* the dil;Ilonai tail fo0ioxviii, thle

comipressional [ 100] propagaiting L A phoin pake. Imit pt ikk s Vs ClIMtutd at siirfaces Nvii i



pulsed lasers have been known to p'roduice a ponon liot (spot1 consist ine of ;a broad

spectruIM Of phIonIon eXCINttionS Flc en ctii ~t;1 T Ia iilfet it) o Olth hot ptia

tail appearing aftcr the initial phonon pulse ;is dIcetcd with Ii phase Insensitive holotneter,

tunnel junction, or phonon induced fluorescence. Thc expLaina ion for thle tali is that thle

elastic -scattering rate for phionons is exponlential InI the phlton fiilency, which tends to

trap high Frcq uency phionons near thle surfkice. T[he high fircq iencv phllons decay

anharmonically to lower frequency plionons. which lhen cscijPc From iiilie surlhecc region at

aI later time. With our phiase-sensitive techn'(ilue, wec 0be 1iecl tha t 1 inta1 us

is compressional in) nature, and thle hot spot tail is diThinaI Iis new observation within

a sitngle crystal at low temperatures is consistent with ilie liot spot Interpretation if thermal

expansion and pressure relief are associated w\-ill thle hot ;pot. as has beetn surmilsed frotm

room temperature experiments on) mietals.

NV1. Conclusion

Phiase-senisitive optical detection of pusdlae-eertdsress-strain waves Inside of a

solid has been demonstrated using feun-mdlrinspectroscopv (N l\S) of a nlarrow

persistent spectral hole (PSI I) in a Nal: color center /io plionon linle (P).The finlieret

sensitivity of tile FM4S technique and tlie spectral sli: -pnless of' PSI I's allowed (detection of

strains as small as 4 x 10 1 in a 20 )AI/ 11handwidth. Focuisingtilie probe beam diameter

ins~ide the NaF crystal to less than one-Iia-ll lie iiiminiumii atcoust ic wavelength expected Cor

20 NMl z phionons in Na F allows tile probe bcinii to followv thle phaws cr sign of p-honotis

uip to the bandw~idth limit.

II igh sensitivity to strain led to aI rich(:li v e of o1bseiahk' plinon slignals Alter pulsed

laser generation. Identifica tion of lie va riohis t \pes of* phon on waive packets w as

accomplished by selecting di fereiit RFI"iI;t SCN of' (ltoct i n. bit mu I-Iin and pIolng1 PIN I's

with different laser polarizations, and by itovingL lie plioiioi g!enerit ion aiid probe laser

beamis relative to the crystal. A propagatinl~ s1tress-straint \w;iv w;ms shiow~n to shif't file



Frequencies of (ltfrently oriented color centers hy uncqual iounts. 1liv vairying thc probe

laser polarization, which varies thc cont ribut ion Fromn dii Ucrenti color (-enter.- to the detected

signal, it wvas possible to distinguish between propagating axMil and Ohear strain components.

The directions of propagation of the phion packets wvere identified, (l-isplacing the phonion

generation and Probe laser beams. A combined aavsis of the triavelling strain tvpeq. signs.

andl propagation dlirections lcd to ain identiheiaf ion of' the vat ious phonon packet

polarizations.

A direct extension to this wvork could include observa tlon; of' Surfaice genera ted phionon

packet propagation in other cry'stal (lircctiors o that plmhnoni Vocusing -ccujrs along the direct

path to the probe region. I-or example. with a [1101 oriented crystal. TA phonon

propagation could be studied without side \vaIl reflection and acconmpanying m~ode

conversion. Since PSI I burning is found to occur inI the (llect absorption spectra of mainy

different15 tye of sois tepCs-estv phononl detection techniqute demonstrated here

should also be applicable to the study of dilijilsive plionon propagation .n1 glasses and

polymers, as well as to ballistic phonion propagation in other crystals;
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Figure Captions

Figure 1. Sample configuration for laser generation and phase-senisitive timcn-of-flight

detection of phonions. A thin film of Cr is e~.aporated oil one face of a single crystal of

NaF. The crystal contains color cenlters, has polihe ! 100 kiO ces, and is immerCIsed InI

superfluid lie at 1.6 K. A pulsed NdYGlaser beam is uscd to generate hcat pulses in the

Cr Film. A probe laser beamn is usc1 to burn a narrow persistent spectral hole in a color

ccnter zero phonion line. Subsequenit firequency-modlulation of' thc proIbe laser bcarn allows

broadband detection of the modulation of thle hole shape loy the phono1n01 pulses.

Figure 2. Experirnenital apparatus for phase-sensitivc time-of-fiuht (detection of phionons.

The subsystems of the apparatus are a frequency-modulated dye laser probe beam (l,). a

pulsed Nd:YA(G laser beam (YA(G) used to generate plionons in a sample (S) hield at 1.6 K

in anl optical immersion cryostat, and standaird high speed laser FNI detection electronics.

A detailed description of the apparatus is given in the text.

Figure 3. Persistent spectral hole Freqluencv-miodulatitoll Spectra. A persistent spectral hole

(PSI I) is burned into the NaT7 607 rim color center lero phionon line at 1.0 K while the laser

frequency modulation is off. FM -spectra of the PSI I are nileasliredl by tuning the laser

frequency through 2 GIliz about the burn fiequency while the laser frequency is modulated

at 250 Mi Iz. The FM spectra are shown in) (a)0 S1 or abs1'orpi-tionI Phase, and (h1) S2 or

dispersion phase. The arrows point to the ficluiencies ;it which lie laser is fixedl in order

to detect the modulation of the hole rhape I-,. phonons.

Figure 4. Phonon time-of-flight signals for thlree probe laser pola riiations. [Hie probe laser

polarization is Fixed at (a) + 45 ^' from luori/nn t;tl. (hb) hori/on; a . or (c) -. 5 f (rom horizont al.

Persistent spectral holes (PS11 ) are burned and pro bed In lie ,amiie p-olariiat ion. F or a cinyen

probe polarization, the time dependence of' the PSII is ;ion itored ait thle negative peak of tle
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S, phase FM spectrum or the center of the S, i;aSc I \1 Heclru.in as shown in I'Ig.3. 1:,ach

trace is an overlay of two traces, each of which is an ,icrage over 1500 Nd:YAG laser -hots.

Figure 5. Combinations of phonon time-of-flight sigls For different probe laser

polarizations. TracLs (a) and (b) are combinations of the S, phase signals shown in Fig. 4.

(a) The difference of S2 phase signals For probe laser polari/ations at + 45 ' and -45 0 (i.e.,

the difference of S2 traces in Fig. 4 (a) and 4 (b)). (b) The sum of 4- 45^ and -45' polarization

S2 traces from Fig. 4 (a) and (b). (c) is the S, phase signal measured with horizontal (0')

probe polarization for comparison with the combinations in (;a) and (b).

Figure 6. Nd:YA( laser spot position dependence of the S, phase phonon time-of-flight

signals. For each trace, the 0.1 cm diameter Nd:YAG laser spot is horizontally centered on

the crystal end face (y=O), and set at a different vertical position (z), as indicated on the

side of the figure. The probe laser position is fixed in the middle of the crystal, and the probe

polarization is set at +45 0 from horizontal. Fach trace is an overlay of at least two traces

(five traces for z= 0, three taken before and two after the other traces), each of which is an

average of over 1500 Nd:YAG laser shots.

Figure 7. Phonon time-of-flight signal dependence on probe laser position. For each trace.

the probe laser is positioned inside the crystal at a new distance fioi the Cr surface, and a

new persistent spectral hole is burned with - 4 5 probe polariation. 'hc probe distance

from the Cr surface is indicted on the side of the fi1igrc. lbe ph onon time-of- flight signals

are measured in S2 phase. The YA(i laser firing tiine i4 at lcmo on the tine axis. The dashed

lines in this figure trace the movement of t lh pholon InlIs ;is the probe position changes.

Figure 8. Phonon time-of-flight signal dCpendence on prob c l,;er position with normalized

time axis. The data in Fig. 7 are prewented in this [lie. with he time axis for each trace

divided by the I., signal arrival time.
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Figure 9. Slowncss and group velocity surfhicc,; frr \il: at 4 K. (a) The acoustic wave

slowness surfaces arc shown in the (001) crvstall I Olne. lhC iducial marks in (a) arc -srace('

I x 10 6 s/cm apart. The normal to a sloxvnc,s -urldcc gives, the direction of- the group

veiocity V,,. (b) The corresponding group velocity smiclac,; are Ihown in the (001) plane.

The fiducial marks in (h) are spaced 2 x I0' cm/s apart.



Table 1. Persistent Spectral Hole Stress Shift Coefficients for Monoclinic
(Type I) Defects in Cubic Crystals

Coefficient for Stress Component
i A fi (Yx ( 7pi O'yy azz O7xy ayz 0 zx

1 110 C4 A2  A2  AI 2A 3  2A 4  -2A 4

2 1-10 04 A2  A2  A I 2A 3  -2A 4  2A 4

3 1lo a4  A2  A2  A I  -2A 3  -2A 4  -2A 4

4 110 C4 A2  A 2  A I  -2A 3  2A4  2A4

5 101 IC +y 14  A2  Al A2  -2A 4  -2A 4  -2A 3

6 !of ie +y 14 A2  Al A2  2A 4  2A 4  -2A 3

7 101 la -y 14  A2  Al A2  2A4  -2A 4  2A 3

8 101 I -y 14  A2  Al A2  -2A 4  2A 4  2A 3

9 011 y4 Al A 2  A2  -2A 4  2A 3  2A 4

10 0i1 y4 Al A 2  A2  2A4  2A3  -2A 4

II 011 4 A1  A A 2  2A4  -2A 3  2A4

12 oil 4 A I A2 A2 --2A4 -2A 3 -2A 4



Table 2. Piezospectroscopic Components for NaF 607 nin Color Centers

Ai

kHz/(N/m 2 )

I 0.0+0.2

2 2.3+0.8
3 5.4+1.0

4 1.3+0.3
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